Wu CW, Biggar KK, Luu BE, Szereszewski KE, Storey KB. Analysis of microRNA expression during the torpor-arousal cycle of a mammalian hibernator, the 13-lined ground squirrel. Hibernation is a highly regulated stress response that is utilized by some mammals to survive harsh winter conditions and involves a complex metabolic reprogramming at the cellular level to maintain tissue protections at low temperature. In this study, we profiled the expression of 117 conserved microRNAs in the heart, muscle, and liver of the 13-lined ground squirrel (Ictidomys tridecemlineatus) across four stages of the torpor-arousal cycle (euthermia, early torpor, late torpor, and interbout arousal) by real-time PCR. We found significant differential regulation of numerous microRNAs that were both tissue specific and torpor stage specific. Among the most significant regulated microRNAs was miR-208b, a positive regulator of muscle development that was found to be upregulated by fivefold in the heart during late torpor (13-fold during arousal), while decreased by 3.7-fold in the skeletal muscle, implicating a potential regulatory role in the development of cardiac hypertrophy and skeletal muscle atrophy in the ground squirrels during torpor. In addition, the insulin resistance marker miR-181a was upregulated by 5.7-fold in the liver during early torpor, which supports previous suggestions of hyperinsulinemia in hibernators during the early stages of the hibernation cycle. Although microRNA expression profiles were largely unique between the three tissues, GO annotation analysis revealed that the putative targets of upregulated microRNAs tend to enrich toward suppression of progrowth-related processes in all three tissues. These findings implicate microRNAs in the regulation of both tissue-specific processes and general suppression of cell growth during hibernation.
HIBERNATION IS AN ADAPTIVE response utilized by many mammals when confronted with the harsh and unfavorable conditions of winter. Hibernators enter into a state of dormancy, and this phenotypic plasticity is characterized by drastic physiological changes, which includes the reduction of body temperature (T b ) to near ambient (0 -5°C), metabolic depression to Ͻ5% of resting euthermic rate, and reduced heart (from 200 -300 to 3-5 beats/ min) and respiratory rates (from 100 -200 to 4 -6 breaths/min) (10) . At the cellular level, global control of cellular energetics is coordinated toward a state of hypometabolism, evident by the reduction in ATP-driven transmembrane ion pumping, inhibition of global mRNA transcription and protein translation, and a switch toward reliance on lipid as the primary source of metabolic fuel (13, 26, 30, 38) . The regulation of these cellular functions has been shown to be controlled at the posttransla-tional level, with reversible protein phosphorylation shown to play an integral role in the regulation of key glycolytic enzymes, histone modifications, RNA polymerase II activity, and protein translation initiation (17, 30, 39) .
Recent discoveries of microRNAs (miRNAs) have introduced a new dimension of cellular regulation that is highly conserved among species ranging from nematodes, fruit flies, to human (3) . MiRNAs are small noncoding RNA transcripts that are ϳ22 nucleotides in length and are known to exert posttranscriptional control by binding to target mRNAs near the 3=-untranslated region (UTR) to promote translational silencing through either sequestration or degradation. Transcripts targeted by miRNAs have been shown to localize to cytoplasmic foci, which can serve as sites for mRNA storage or degradation leading to translational repression (23) . We have recently shown evidence for the formation during hibernation of stress-induced granules that comprised RNA-binding proteins, and these could serve as potential mRNA storage foci that would complement the regulatory roles of miRNAs during torpor (40) . A single miRNA can regulate hundreds of genes, and a single gene can be targeted by multiple miRNAs, creating a complex network that is thought to regulate up to 60% of all protein-coding genes in human (21) . We have previously reported the regulatory roles of miRNAs during hibernation and have begun to show miRNA regulation as part of a global response to other environmental stressors that include estivation, anoxia, and freezing, with select miRNAs shown to have a regulatory influence on stress-regulated cellular processes that include apoptosis, cell cycle progression, signal transduction, and lipid metabolism (4 -6, 42) .
The hibernation cycle in ground squirrels is characterized by multiple torpor-arousal bouts that typically last 2-4 wk in duration, with each torpor bouts consisting of an entry and arousal from a full metabolically depressed state. The euthermic transition to and from torpor is a multistage process, although many studies have focused on the molecular changes between euthermia and deep torpor, little is known about molecular regulations between other transitional torpor stages. In the present study, we profiled the expression of 117 known and conserved mammalian miRNAs during four distinct stages of the torpor-arousal cycle in the heart, muscle, and liver of the 13-lined ground squirrel Ictidomys tridecemlineatus (Fig. 1 ). We show that although the patterns of miRNA regulation are largely unique between the different tissues examined, enrichment analysis of predicted miRNA target genes indicates that common cellular processes such as cell growth and proliferation are among the top miRNA-targeted processes during torpor in all tissues. The results gathered here provide strong evidence for miRNAs as an important molecular regulators of hibernation in the ground squirrel.
MATERIALS AND METHODS
Animal treatments. Protocols for animal treatment were the same as previously described in detail (28) . The 13-lined ground squirrels were captured by USDA-licensed personnel (TLS Research, Bartlett, IL) and transported to the National Institute of Neurological Disorder and Stroke (NINDS) at the National Institutes of Health (Bethesda, MD). All protocols used for animal care were approved by the NINDS animal care and use committee (protocol no. ASP 1223-02). Using a temperature transponder (IPTT-300, Bio Medic Data System) injected in the intrascapular region of the ground squirrels, we monitored Tb of individual animals to determine the stages of torpor. Euthermic control (EC) animals used as control group were kept in a cold room (4 -5°C) for 3 days while maintaining a T b of 36 -38°C. EC animals used were capable of entering full torpor but had not done so in the past 72 h. For experimental animals, early torpor (ET) was indicated by a T b of ϳ5-8°C for Ͻ24 h, late torpor (LT) was indicated by a Tb of ϳ5-8°C for Ͼ5 days, and interbout arousal (IA) was indicated by a T b that returned to 34 -37°C for at least 18 h after 3 days of torpor. Ground squirrel heart, muscle, and liver tissues were collected and shipped on dry ice to Carleton University and stored at Ϫ80°C until use.
MiRNA expression analysis by quantitative PCR. Extraction of total RNA from heart, muscle, and liver of EC, ET, LT, and IA ground squirrels was carried out as previously described in detail (44) . Polyadenylation of miRNAs was carried out with the Poly (A) Polymerase Tailing kit (Epibio, Madison, WI) according to the manufacturer's instructions. cDNA synthesis of polyadenylated miRNAs was performed as previously described using a universal stem-loop RT adapter (7) . Real-time PCR was performed with a Bio-Rad MyiQ2 Detection System (Bio-Rad, Hercules, CA) using miRNA-specific primers (available upon request) and the universal primer (7) . Melting curve analyses were performed for each miRNA as quality check.
MiRNA identification and functional annotation. Highly conserved miRNAs were identified from the I. tridecemlineatus reference genome using a downloaded database of known miRNA sequences from Mus musculus (miRBase v.21) as a search template. First, the precursor miRNA (pre-miRNA) sequences from M. musculus were searched against I. tridecemlineatus WGS traces downloaded from the National Center for Biotechnology Information using megaBLAST. The resulting sequences were refined for sequences with nucleotide mismatches Ͻ10, sequence gaps Ͻ3, sequence identity Ͼ90%, and an e-value Ͻ6.00E Ϫ20 . Next, the mature miRNAs corresponding to the identified squirrel pre-miRNAs were downloaded from the mature miRNA database for M. musculus (miRBase v.21) and used as a search template. This new database was searched against a database consisting of the identified I. tridecemlineatus pre-miRNA sequences using megaBLAST (optimized for short sequences). The resulting sequences were searched for mature miRNA sequence matches with a sequence start within the first 2 nt of the template sequence and an e-value Ͻ0.008. Data reported are averages Ϯ SD.
To predict I. tridecemlineatus-specific targets, mature miRNAs were searched against the 3=-UTR sequences from the I. tridecemlineatus reference genome available in the UCSC table browser (Broad/speTri2) using miRanda (v.3.3a) (15) . To identify miRNA target genes, miRanda software was used within the following parameters and conditions: a gap opening penalty of Ϫ9, a gap extension penalty of Ϫ4; match with minimum score threshold 160, target duplex with maximum threshold free energy Ϫ25 kCal/mol, scaling parameter 4 for complementary nucleotide match score, counting from the miRNA 5=-end, and demand for a strict 5=-seed pairing on between 2 and 9 nt. To determine the functional targeting of miRNA that have altered expression in response to any specific torpor stage, all identified targets were classified based on biological processes defined by gene ontology (GO) annotation for biological processes (11) . Reactome software was used to determine the torpor-responsive miRNA targets that were enriched into pathway net-works of regulation (29) . The Reactome analysis used the available M. musculus network annotations.
Data and statistical analysis. Cycle threshold (Ct) of each miRNA was normalized to the Ct of endogenous control 5S rRNA amplified from the same sample. The comparative ⌬⌬Ct method was used to determine relative expression each miRNA. Data presented in the heat map are expressed as mean expression from n ϭ 4 independent samples from different animals from each sampling point. Statistical analysis of miRNA expression was determined by one-way ANOVA in the SigmaPlot 12.0 statistical package; multiple test comparisons were applied with the Bonferroni correction, with P Ͻ 0.001 considered a significant change compared with EC.
RESULTS

MiRNA expression patterns are unique between tissues during the torpor-arousal cycle.
To investigate the involvements of miRNAs in the regulation of the torpor-arousal cycle, we profiled 117 known mammalian miRNAs at four distinct torpor stages of the ground squirrel hibernation cycle including EC, ET, LT, and IA ( Fig. 1 ) in three tissues using real-time PCR. The two torpor stages (ET and LT) represent the lowest point of metabolic rate and T b reduction compared with the euthermic control yet are distinct from one another with ET just entering a metabolic depressed state and LT considered a fully established state of hypometabolism. While ground squirrels at the IA stage exhibit a stabilized metabolic rate and T b that are similar to EC, it is considered a recovery stage as euthermia has only recently been established for a short duration after a torpor period of Ͼ3 days. These four sampling points were chosen as the most contrasting stages of the torpor-arousal cycle.
In the heart, ANOVA revealed that a total of 29 miRNAs were differentially expressed during ET, 36 during LT, and 34 during IA, compared with the EC stage ( Fig. 2A ). In skeletal muscle, a total of 21 miRNAs were differentially expressed during ET, 39 during LT, and 33 during IA torpor stages ( Fig.  2B ). Compared with the heart and muscle tissues, liver showed a different overall pattern of miRNA expressions (Fig. 2C ). During the ET and IA stages, 28 and 26 differentially expressed miRNAs were found respectively, with only five differentially expressed during LT (Fig. 2C ). Interestingly, we identified several miRNAs that were highly overexpressed. In the heart, miR-124-3 (fold-change of 12.76 Ϯ 0.63), miR-208b (fold-change of 13.41 Ϯ 2.23), and miR-375 (fold-change of 10.16 Ϯ 0.64) were all upregulated by Ͼ10-fold during IA compared with EC (Supple- Fig. 1 . Model of the torpor-arousal cycle in the hibernating ground squirrels. Four distinct torpor stages were analyzed for miRNA expression profile. Euthermic control group were torpor-ready animals with a body temperature (Tb) of 36 -38°C; early and late torpor animals both had a Tb of 5-8°C, with the former maintaining this temperature for Ͻ24 h and latter for Ͼ5 days. Interbout arousal animals underwent a successful torpor bout and recovered at a Tb of 34 -37°C for Ͼ18 h after Ͼ3 days of torpor.
mental Table S1 ). 1 In the muscle, miR-148b, miR-152, and miR-193a were found to be upregulated by 19.44 Ϯ 2.27, 9.38 Ϯ 0.30, and 9.34 Ϯ 1.13-fold, respectively during ET, while miR-152 was found to be upregulated by 19.77 Ϯ 1.14-fold during IA (Supplemental Table S1) .
Surprisingly there were very few overlaps in miRNAs that were differentially expressed in all three tissues during the torpor stages examined (Fig. 3, A and B) , with only a few downregulated miRNAs that were found to be shared between the skeletal muscle and the heart during LT (Fig. 3B) . The absence of a common torpor-responsive miRNA illustrates the specificity of miRNA expression during hibernation between tissues. To determine if each torpor stage is regulated by different miRNAs, we analyzed the overlaps in differentially expressed miRNAs between the torpor stages within each tissue ( Fig. 4 ). In this analysis, we also found that each torpor stage show unique expression patterns of miRNAs, with the exception of downregulated miRNAs in the heart, which had 16 shared miRNAs at all three time points. Interestingly, although both ET and LT are similar in terms of their relative T b and metabolic depression, there were very few overlaps in uniquely shared miRNAs between these two time points in all three tissues ( Fig. 4) .
Upregulated miRNAs target genes enriched for positive regulation of metabolic processes. MiRNAs, when upregulated, have generally been shown to have an inhibitory effect on expression of the target genes through posttranscriptional controls and, when downregulated, could provide a potential relief in transcript repression of the target gene (3). To better understand the potential roles for miRNA in the torpor-arousal cycle, we performed a prediction analysis for all the up-and downregulated miRNAs using the miRanda algorithm to identify its potential target genes in the ground squirrel (Supplemental Table S2 ) and implemented a GO enrichment analysis of the putative target genes to identify biological processes that were regulated by the differentially expressed miRNAs (15, 41) . Several of the predicted upregulated miRNA target genes from our analysis have previously been shown to be down- 1 The online version of this article contains supplemental material. regulated in ground squirrels during hibernation, demonstrating the anticipated negative correlation between miRNA levels and the target gene expression. The predicted miRNA target genes that were downregulated in the liver during LT included: znf66 (zinc finger protein 644), dnajb9 [DnaJ (Hsp40) homolog], ubr4 (ubiquitin protein ligase E3 component N-recognin 4), zdhhc17 (zinc finger, DHHC-type containing 17), b3gat3 (beta-1,3-glucuronyltransferase 3), brf1 (RNA polymerase III transcription initiation factor 90 KDa subunit), sox9 [SRY (sex determining region Y)-box 9], and ddhd19 (DDHD domain containing 1), all of which were previously reported to be significantly downregulated during torpor in the liver tissue by Xu et al. (45) . In addition, similar changes in transcript levels of miRNA predicted targets genes were also found for the skeletal muscle and heart in previous genomewide transcriptomic studies ( Supplemental Table S3 ) (19, 45) .
Interestingly, although different sets of miRNAs were found to be upregulated between the heart and muscle tissues, GO analysis of putative miRNA targets showed enrichment toward regulation of some similar categories of cellular processes in both tissues (Fig. 5 ). These include positive regulation of cell growth, cell-cell junction organization, and microtubule cytoskeleton organization during the ET and LT stages. In contrast, for the genes that were targeted by downregulated miRNAs, GO analysis showed enrichment toward unique cellular processes between the two tissues. The muscle tissue showed enrichment toward biological processes such as amino acid transport and protein and macromolecule complex assembly, while the heart tissue showed and enrichment toward the regulation of cell cycle, nucleic acid transport, and regulation of nucleic acid processes (Fig. 5B ). For liver tissue, upregulated miRNAs targeted genes that are involved in cellular processes such as growth factor receptor signaling pathway, regulation of nuclear division, and glycolysis during the torpor stages, while dopamine and hormone receptor signaling along with snRNA processing are among the biological processes targeted during IA.
Using the Reactome pathway analysis, we further examined the specific signaling pathways that were targeted by the up and downregulated miRNAs during torpor in each tissue (Supplemental Table S4 ). Interestingly, we identified a number of stress-responsive pathways were target by miRNAs that were significantly downregulated during ET and LT, suggesting that these pathways could be activated through a relief of miRNAmediated suppression. These include the p53 and DNA damage response pathways in the heart and DNA damage reversal and SMAD transcriptional response in skeletal muscle. Interestingly, bile acid and bile salt metabolism-related pathways were identified by the downregulated miRNAs in the liver; although a previous study showed that bile acids such as cholesterol and fatty acid concentrations were largely unchanged in ground squirrel during winter hibernation, the levels of bilirubin that 
DISCUSSION
The emergence of miRNAs' roles as major regulators of cellular functions in the recent years has led to novel insights into understanding the mechanisms of many biological processes. Most evident in pathological states such as cancer, proper regulation of miRNAs have been shown to be critical in maintaining a normal cellular homeostasis, with dysregulated miRNA expressions often found in many oncogenic proliferatory states (25) . We and others have previously shown that miRNAs are differentially regulated during exposures to environmental stress, and this is a conserved response observed for different types of hypometabolic stress that includes hibernation, freezing, and aestivation (4, 24, 42, 47) . In the ground squirrel, we have recently reported a potential role for miRNAs in regulating adipose tissue metabolism, with downregulation of select miRNAs linked to the regulation of adipogenesis and MAPK signaling during torpor (43) . In the present study, we expanded our miRNA expression profiling to three different tissue types across four stages of the hibernation cycle, measuring the expression of 117 conserved human mature miRNAs to determine their regulatory profiles during ground squirrel torpor. Our data show that the majority of the differentially expressed miRNAs were controlled in a tissue/torpor-stage specific manner, possibly reflecting the different essential cellular processes regulated between the tissues at various torpor stages.
Using miRanda microRNA prediction analysis, we generated a list of genes that are putatively targeted by the miRNAs that were found to be differentially expressed during torpor and applied an enrichment analysis through the use of GO annotations and the Reactome pathway database. Although we were able to validate the correlated expression changes between miRNA and a subset of its target genes using available transcriptomic data, it should be noted that not all the predicted genes were found to have a correlated expressional change. This is not uncommon since currently available prediction software has been known to produce false-positive rates of 20 -30% (27) ; this is further complicated by the fact that a positive interaction between miRNA and target gene does not always lead to a decrease in target mRNA levels, especially in cases where miRNA functions to inhibit target mRNA from protein translation via repression, rather than degradation (36) . Therefore, it should be noted that the correlations between miRNA and target transcript levels are to be interpreted cautiously. Ideally, comparison of miRNA levels to proteomic changes would likely provide a better validation of the accuracy of miRNA target prediction modeling; however, we were unable to find significant correlations between our miRNA target expressions using available proteomics data (20, 22, 34) , but this was likely biased toward the small amount of proteome data currently available compared with the transcriptome data.
Our analysis shows that the heart and muscle tissues shared a limit number of overlapping miRNAs; however, their predicted genes targeted by upregulated miRNAs were enriched to some similar cellular processes such as regulation of growth and cell size, microtubule cytoskeleton organization, and amino acid transport (Fig. 4) . As miRNAs generally exert negative regulation of its target expression via translational silencing, it can be suggested that these cellular processes are likely downregulated during torpor. These findings are not surprising as progrowth cellular processes are generally suppressed during hibernation given the extreme hypometabolic state established during torpor (10, 38) . Compared with the muscle and heart tissues, liver showed a much different profile in miRNA expression patterns (Fig. 2) . The liver plays an important role in coordinating a wide range of cellular processes that influence whole body metabolism; these include detoxification reactions, carbohydrate storage, and lipid transport. Like most tissues during torpor, overall functions of the liver are also reduced, and this is supported by the targeting of progrowth processes by overexpressed miRNAs in the liver during torpor, which included endosome transport, growth factor receptor signaling, regulation of glycolysis, and regulation of mitosis and nuclear division ( Fig. 5) .
Although the target enrichment provides a broad overview on many of the cellular processes potentially regulated by the miRNAs during torpor, we have also identified several wellcharacterized miRNAs that were highly expressed in a tissuespecific manner. In our study, we observed an approximately fivefold increase in miR-208b expression in the heart during LT, followed by a further upregulation during interbout arousal by ϳ13-fold. It is known that the cardiac function of hibernating ground squirrels undergoes multiple challenges that include drastic reduction in heart rate from ϳ300 to Ͻ10 beats/min. To maintain adequate blood circulation, the heart compensates for a reduced pumping rate with ϳ30% ventricular hypertrophy in addition to elevated expression of cardiac myosin-heavy chain (MHC) to generate a potential increase in contractile power (31) . The increase in myocardial activities and strain is also observed during the arousal stages, with cardiac output recorded at nearly 40% of euthermic states with only a 26% active heart rate (31) . Previous studies have shown that miR-208a and miR-208b are two of the most important heartenriched miRNAs (9, 32) . In the heart, expression of miR-208b is directly linked to the regulation of cardiac arrhythmias, muscle remodeling, and hypertrophic signaling pathways (32) . In mice, miR-208b is encoded within the intron of mhc7 gene, with transgenic overexpression of miR-208 leading to the induction of a hypertrophic cardiac growth. Deletion of miR-208b has been shown to reduce the transcript and protein levels of ␤-MHC, while elevated expression of miR-208 leads to an increase in ␤-MHC levels and a reduced expression of myostatin 2 gene, which serves as a negative regulator of myogenesis (9) . Our observation of a highly upregulated miR-208b would suggest that it likely functions in a similar role to positively regulate cardiac gene expression in the ground squirrels and could be important in regulating the development of a hypertrophic heart to maintain cardiac functions during the torpor and arousal stages of hibernation (31) . Meanwhile in the skeletal muscle, the same miR-208b showed an opposing expression, with miR-208b levels downregulated by 3.7-fold during LT. This was consistent with previous reports of mass reduction and atrophy (ϳ30%) of the gastrocnemius muscle in the ground squirrels that is combined with an undetectable levels of type II ␤-MHC during hibernation compared with active squirrels (35) . The differential regulation of miR-208b between both the heart and the muscle tissues during torpor is likely linked to their relative physiological changes during torpor, indicating the importance of tissue-specific expressions of miRNAs during hibernation. In addition to miR-208b, we also identified several miRNAs that are differently regulated between the heart and skeletal muscle during ET or LT; these include the upregulation of miR-130b, miR-145a, miR-148, miR-184, and miR-449a in heart muscle and miR-127, miR-144, miR-152, miR-193a , and miR-425 in skeletal muscle. MiR-145a is an important miRNA that is highly expressed in the heart and has been demonstrated to be involved in vascular smooth muscle cell differentiation, in addition to regulation of actin remodeling, contractility, with decreased expression found in patients with cardiovascular diseases (33) . The expression of miR-145a in the heart is also linked to the regulation of F-actin dynamics and is involved in the control of cardiac chamber functions (14) . Interestingly, miR-145a was found to be upregulated at all torpor stages only in the heart compared with the EC, suggesting a potential important and continuous role of miR-145a in regulating heart-specific functions throughout the torpor cycle.
The skeletal muscle showed highly upregulated expression of miR-193a by 9.4-fold during ET. A recent study indicates that miR-193a downregulates multiple key activators of the insulin signaling cascade, with confirmed targets including phosphoinositide-3-kinase regulatory subunit (PI3KR), mammalian target of rapamycin (mTOR), and ribosomal S6 kinase (S6K) (46) . We have previously shown that the insulin signaling network was suppressed to promote translational incompetence in the skeletal muscle during torpor, and this was achieved through posttranslational modifications that includes a phosphorylation cascade (44) . However, the upregulation of miR-193a during torpor in the skeletal muscle could function as an additional mechanism to promote protein synthesis inhibition by directly targeting the transcript levels of key regulators in the insulin signaling cascade. Another interesting observation is the 5.7-fold increase in miR-181a in the liver during ET. MiRNA-181a when overexpressed has been shown to cause insulin resistance in the hepatic cells, and diabetic patients show elevated levels of miR-181a in the liver and serum; similar findings were also shown in mice, with miR-181a found to be upregulated in the Type 2 diabetes db/db mice model (48) . Hibernating ground squirrels have been microRNA REGULATIONS IN THE TORPOR-AROUSAL CYCLE shown to exhibit reversible insulin resistance during the torporarousal cycle; levels of serum insulin are highly elevated during the early months of the hibernation season, and this is combined with upregulation of insulin mRNA levels throughout the hibernation months from December to March (8) . The upregulation of miR-181a was found to be specific in the liver during ET, with no changes observed in the heart or the muscle. Previous studies have suggested that the onset of hyperinsulinemia and insulin resistance are at its peak when the animals initially enter hibernation (16) ; it is possible that the overexpression of miR-181a is part of a regulatory response that aims to stimulate insulin resistance during ET and could be crucial in maintaining the storage of excess fat that is utilized as metabolic fuel throughout hibernation.
Conclusions
As recent studies have shown that global transcription and translation are both suppressed during torpor (17, 30) , an emphasis has been placed on understanding the role of posttranscriptional mechanisms as regulatory components of hibernation. Grabek et al. (18) have shown that select groups of transcripts can be protected and stabilized during torpor via differential polyadenylations at the 3=-UTR end of the mRNA transcript. This mechanism of dynamic polyadenylation can alter the length of poly (A) tail of select mRNA transcripts, with the varying sizes of poly (A) tails directly influencing the rate of mRNA translation (18) . These findings are complemented by our recent reports of mRNA processing factors, which include poly-A binding protein 1 in the formation of subcellular granule-like structures during hibernation (40) . The evidence of alternative polyadenylation is intriguing with respect to miRNA regulations, as changes to the 3=-UTR region of a transcript through alternative polyadenylation can directly influence its interaction with a target miRNA, potentially modulating the mRNA susceptibility to miRNA-mediated repression (1) . Meanwhile, the formation of subcellular granules during torpor could serve as a potential site for miRNAmediated mRNA processing (40) .
Our data here show that miRNA expressions are dynamically regulated during torpor and are uniquely expressed in a tissue-specific manner. Putative target analyses suggest that upregulated miRNAs, although varied between tissues, tend to target similar progrowth processes during torpor. In addition, we identified several highly differentially expressed miRNAs during the torpor-arousal cycle, which includes miR-208b and miR-181a, that may regulate key physiological changes in hibernators such as cardiac hypertrophy and insulin resistance. Our expression profiling has provided new insights into the regulation patterns of miRNAs during the torpor-arousal cycle and highlights the importance of miRNA regulation during hibernation. The combination of alternative polyadenylation and miRNA regulations could help to explain the disconnect that is observed between mRNA and protein levels during hibernation (37) and, more broadly, emphasizes the important roles posttranscriptional regulatory mechanisms play during hibernation. Future functional studies will be needed to fully characterize and validate the regulatory nature of these miR-NAs and determine their relative requirement for a hibernation phenotype.
